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Summary
Acidic liquids such as verjuice, lemon juice and vinegar are frequently consumed in Iran. 
Different kinds of acidic liquids are packaged in polyethylene terephthalate (PET) and high- 
-density polyethylene (HDPE) bottles. There is evidence indicating that phthalates can leach 
from PET and HDPE bottles into their contents. In this work the effect of storage time, tem-
perature and bottle type on the migration of phthalates from packaging materials into acidic 
liquids is studied by analyzing the samples stored under different conditions, before storage 
and after 2, 4 and 6 months of storage. The determined mean phthalate concentrations in µg/L 
were: <0.04 to 0.501 in verjuice, <0.04 to 0.231 in lemon juice and <0.04 to 0.586 in vinegar. The 
highest concentrations of diethyl phthalate (DEP) and diethyl hexyl phthalate (DEHP) were 
found in PET and HDPE bottles, respectively. Results of analyses before and after storage indi-
cate that under some storage conditions, the concentrations of DEP, DEHP and dibutyl phthal-
ate (DBP) increased in acidic liquids. The possible migration of phthalic acid esters from plastic 
packaging materials into the contents was indicated by the results of the present study.
Key words: phthalate esters, migration, storage condition, polyethylene terephthalate (PET), high- 
-density polyethylene (HDPE) 
*Corresponding author: Phone: +98 2188 978 395; Fax: +98 2188 978 398; E-mail: nr_rastkari@yahoo.com
ORCID IDs: 0000-0001-8566-1243 (Rastkari), 0000-0002-9505-812X (Zare Jeddi), 0000-0002-2870-7433 (Yunesian), 0000-0002-8258-1165 
(Ahmadkhaniha)
Introduction
In recent years, due to the rise in industrialization and 
civilization, increased request for application of plastic pack-
aging materials has been observed. Today, more than 30 
types of plastic materials are utilized in the food industries, 
where polyethylene terephthalate (PET) and high-density 
polyethylene (HDPE) are among the most frequently used 
ones (1). Polyethylene terephthalate is a thermoplastic poly-
mer with long branches belonging to polyester family, made 
by blending and polymerization between monoethylene 
glycol and dimethyl terephthalate or terephthalic acid (2). 
Despite their advantages, such as low volume and mass, 
high flexibility, desirable transparency, low permeability, gas 
tightness, and easy transportation, there are concerns about 
their use due to the probability of presence and liberation 
of harmful chemical compounds from packaging materi-
als. Previous experiments showed that some of the harmful 
chemical compounds including phthalates can leach from 
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packaging materials under certain conditions (2-4). Phthalate 
esters enter the human body through various means includ-
ing dermal absorption, inhalation and ingestion, where the 
highest exposure takes place through ingestion of contami-
nated food (4). It is also found that one of the main reasons 
for food contamination can be food packaging (5-7). Most of 
the phthalate esters belong to the endocrine and metabolic 
disruptors (8-10), the long-term exposure to which can re-
sult in different types of adverse effects, disorders and can-
cers including breast cancer, prostate cancer (8), disorders 
of androgenic hormone biosynthesis and function (11), thy-
roid gland disorders (12,13), infertility (14),  attention defi-
cit hyperactivity disorder (ADHD) (15), obesity, liver dam-
age, proliferation of free radicals, allergic reactions, asthma, 
mutagenicity and teratogenicity (16). Responsible govern-
mental agencies in Canada, the EU, Australia and the USA 
have banned or restricted the use of phthalates in consumer 
products (17). It is a reason why detection of phthalates in 
packaged food has attracted great attention. Cirillo et al. (18) 
studied the influence of temperature and preservation time 
on migration of diethyl hexyl phthalate from PET packag-
ing into packed meal. In another study, the concentration of 
phthalate esters in bottled water was determined within the 
pH=5-9 after 140 days of preservation under different condi-
tions (19). As in many other industrialized countries, packed 
foods are very common in Iran, which has raised concern 
about population health since 1990. Verjuice, lemon juice 
and vinegar, whose acidic condition can accelerate chemical 
degradation reactions, packed in plastic bottles are among 
highly consumed foods in Iran. Therefore, since our litera-
ture review revealed that so far no study has been carried 
out to determine the probability of phthalate ester migration 
from packaging materials into acidic foods, in this study, mi-
gration of phthalate esters from PET and HDPE bottles into 
acidic liquids under different conditions is studied.
Materials and Methods
Reagents and chemicals
Polyethylene terephthalate (PET) and high-density 
polyethylene (HDPE) bottles were obtained from Iran 
Petrochemical Co. (Tehran, Iran). A standard solution of 
phthalate esters, containing six compounds dissolved in n- 
-hexane, including bis(2-ethylhexyl) phthalate (DEHP), di-n-
octyl phthalate (DNOP), butyl benzyl phthalate (BBP), dibu-
tyl phthalate (DBP), diethyl phthalate (DEP) and dimethyl 
phthalate (DMP) (2.0 mg/mL, 99.8 % purity), was obtained 
from Sigma-Aldrich (St. Louis, MO, USA). All the other 
chemicals and solvents were of analytical reagent grade or 
better and obtained from Merck (Darmstadt, Germany). 
Standards of phthalates were dissolved in methanol (100 µg/
mL) and used for preparing calibration and quality control 
working solutions. To reduce random error, benzyl benzoate 
(internal standard) was added to all of the samples (1 µg/L). A 
mixture of acetonitrile, water and isopropanol (40:20:40, by 
volume) was used as extraction solution. All the working and 
stock solutions were kept in the dark at 4 °C until analysis. 
The magnetic particles of poly(dimethylsiloxane) hydroxy-
lated multiwall carbon nanotubes (PDMS/MWCNTs-OH) 
were prepared based on previous work (20). HPLC quality 
water was obtained with a Milli-Q system from Millipore 
Corporation (Bedford, MA, USA). 
Preparation of samples
Fresh sour grape and lemon samples were purchased 
during harvest period at the main fruit and vegetable mar-
ket in Tehran, Iran. After washing and drying, their juice was 
extracted by using an industrial juicer (model Ruby 2000 
MKIII; Nutrifaster Inc., Seattle, WA, USA) and transferred 
to the laboratory in glass containers. The bulk pure vinegar 
sample was also purchased from a local producer before 
packaging. At the time of arrival, the initial concentrations 
of phthalate esters in bulk samples of liquids were measured 
as described below (samples at t=0 were used as control). 
Thereafter, the bulk samples were divided and poured into 
PET and HDPE bottles, and stored under different thermal 
conditions for different storage times: at 4-6, 25 and 50 °C 
for 2, 4 and 6 months, respectively.
Extraction and measurement of phthalate esters
The possibility of phthalate contamination during sam-
ple preparation and analysis was minimized by analyzing 
chemicals and solvents for contamination before use, clean-
ing the glassware, and subtracting the average concentrations 
of phthalate in the blank sample (if present) from the esti-
mated values. Determination of the concentration of target 
compounds was carried out by using solid phase microex-
traction technique and GC-MS as described previously (20). 
For all the target compounds including DMP, DEP, DBP, BBP, 
DNOP and DEHP calibration curves were constructed at five 
concentrations (0.02, 0.1, 0.5, 1 and 5 µg/L) by using standard 
solutions of each of the phthalate esters (three replicates). In 
order to extract the analytes, magnetic PDMS/MWCNTs- 
-OH nanoparticles (10 mg) were weighed and washed with 
methanol and deionized water in sequence. Then, the con-
ditioned magnetic particles and NaCl (1 g) were added to 10 
mL of each sample. The mixture was then shaken for 5 min. 
An external magnet was used to gather the magnetic adsor-
bent to the side of the vial (within approx. 80 s). After that, 
the supernatant was discarded, extraction solution (2 mL) 
was added and vortexed (3 min) to elute phthalates from the 
sorbent. The magnetic sorbent was gathered to the side of the 
vial and the extraction solvent was evaporated at 37 °C under 
nitrogen stream. The residue was reconstituted in methanol 
(100 µL) for the subsequent GC-MS analysis. Gas chroma-
tograph (Agilent 6890; Agilent Technologies, Palo Alto, CA, 
USA) equipped with a  single quadruple mass spectrometer 
(Agilent 5973; Agilent Technologies) was used for GC-MS 
analysis. The gas chromatograph was fitted with an Agilent 
J&W DB-5 ms column (30 m×0.25 mm i.d.×0.25 μm film 
thickness; Agilent Technologies). The GC ovens were pro-
grammed as follows: injector temperature was set at 290 °C, 
the initial column temperature was set at 50 °C and held for 1 
min, first ramp: from 50 to 280 °C at a rate of 30 °C/min, then 
to 310 °C at a rate of 15 °C/min. The oven temperature was 
held at 310 °C for 4 min. The sample was analyzed using split-
less injection. The temperature of the transfer line was kept 
constant at 310 °C. Helium (99.9999 %) was used as a carrier 
gas at 1 mL/min (constant flow). The mass spectrometer was 
operated in electron ionization (EI) mode, using selected ion 
monitoring (SIM) (20). 
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Quantification of phthalate esters
The linearity of the calibration curves was assessed in 
the concentration range of 0.01-10 µg/L. For all the ana-
lytes the correlation coefficients were determined in the 
range from 0.993 to 0.997. The limits of detection (LODs) 
were estimated to be three times of the standard deviation 
of the baseline noise (N=6). The limits of quantification 
(LOQs) were determined by the analysis of spiked sam-
ples. The lowest concentration of the analytes on the cali-
bration curves with a precision of less than 20 % coefficient 
of variation and an accuracy of 80-120 % was considered as 
LOQ (20). Based on the results, the LODs and LOQs of the 
target analytes were in the range from 0.01 to 0.02 and 0.03 
to 0.06 µg/L, respectively. 
Statistical analysis
In this work, SPSS v. 20.0 (21) was used for the analy-
sis of the results. Mean values and standard deviations of 
determined concentrations are reported. Kolmogorov- 
-Smirnov test was used to check the normality of concen-
trations in each group. Due to non-normal distribution of 
data, the nonparametric Kruskal-Wallis H test was applied 
to compare different storage conditions. The concentra-
tions during the exposure periods were compared using 
the Friedman test. The differences were considered to be 
statistically significant whenever p-value was lower than 
5 % (p<0.05).
Results and Discussion 
The mean phthalate concentrations in the samples were 
estimated to be within the range of <0.04-0.501 µg/L in ver-
juice, <0.04-0.231 µg/L in lemon juice and <0.04-0.586 µg/L 
in vinegar. The assay of the initial concentrations of phthal-
ate esters in bulk samples of juices indicated initial low con-
centrations of DEHP, DEP and DBP (close to the detection 
limits) in lemon juice and verjuice samples, while detectable 
levels of these compounds were found in vinegar sample 
(Table 1). DNOP, BBP and DMP were not found at detect-
able levels in any of the samples prior to or after storage. 
The average pH of lemon juice, verjuice and vinegar in this 
study was ranging from approx. 2.3 to 2.4, 2.5 to 2.7 and 
2.7 to 2.8, respectively. Based on the results of the present 
study, liquid type, bottle type, storage conditions and time 
are factors that may, to some extent, explain the release of 
phthalate esters from polymeric bottles into their contents. 
The effects of various conditions of storage on the release 
of phthalates, irrespective of exposure period, are summa-
rized in Table 1. DEP and DEHP showed the highest level 
Table 1. Concentrations of phthalates in acidic liquids under different storage conditions





verjuice 0.03±0.01 <LOD 0.04±0.02
lemon juice <LOD <LOD <LOD
vinegar 0.22±0.04 0.11±0.02 0.11±0.03
4
verjuice 0.12±0.06 0.11±0.06 0.21±0.12
lemon juice 0.05±0.04 0.07±0.04 0.07±0.03
vinegar 0.26±0.04 0.17±0.04 0.34±0.09
25
verjuice 0.25±0.15 0.14±0.09 0.30±0.18
lemon juice 0.09±0.05 0.10±0.06 0.12±0.07
vinegar 0.33±0.08 0.21±0.07 0.40±0.13
50
verjuice 0.19±0.11 0.11±0.07 0.32±0.21
lemon juice 0.05±0.02 0.07±0.05 0.16±0.09
vinegar 0.27±0.04 0.17±0.06 0.43±0.16
PET
Control
verjuice 0.03±0.01 <LOD 0.04±0.02
lemon juice <LOD <LOD <LOD
vinegar 0.22±0.04 0.11±0.02 0.11±0.03
4
verjuice 0.15±0.08 0.11±0.06 0.11±0.06
lemon juice 0.07±0.04 0.08±0.05 0.07±0.04
vinegar 0.30±0.05 0.16±0.03 0.28±0.05
25
verjuice 0.31±0.18 0.14±0.08 0.16±0.09
lemon juice 0.13±0.07 0.11±0.07 0.11±0.06
vinegar 0.40±0.13 0.21±0.07 0.35±0.09
50
verjuice 0.22±0.13 0.11±0.07 0.20±0.12
lemon juice 0.07±0.04 0.08±0.06 0.11±0.06
vinegar 0.31±0.07 0.19±0.06 0.35±0.10
The results are expressed as mean values±standard deviations. DEP=diethyl phthalate, DBP=dibutyl phthalate, DEHP=bis(2-ethylhexyl) phthalate, 
LOD=limit of detection, HDPE=high-density polyethylene, PET=polyethylene terephthalate 
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of leaching into liquids packed in PET and HDPE bottles, 
respectively. The trend of change of DEHP concentration 
in all samples shows that the migration rate increased by 
increasing temperature. In the case of DEP and DBP, a nega-
tive trend was witnessed at 50 °C after a positive trend in 
concentration profiles at 25 °C. The probable reason for 
this observation will be explained later in this section. Tem-
perature had the greatest effect on the migration of DEHP. 
The maximum concentration of DEHP (0.586 µg/L, data 
not shown) was detected in vinegar packed in HDPE bottle 
Fig. 1. The effect of time (0, 2, 4 and 6 months) under different storage conditions on diethyl phthalate (DEP) concentration in acidic liquids 
packed in polymeric bottles. HDPE=high-density polyethylene, PET=polyethylene terephtalate
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Fig. 2. The effect of time (0, 2, 4 and 6 months) under different storage conditions on bis(2-ethylhexyl) phthalate (DEHP) concentration in 
acidic liquids packed in polymeric bottles. HDPE=high-density polyethylene, PET=polyethylene terephtalate
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Fig. 3. The effect of time (0, 2, 4 and 6 months) under different storage conditions on dibutyl phthalate (DBP) concentration in acidic liquids 
packed in polymeric bottles. HDPE=high-density polyethylene, PET=polyethylene terephtalate
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and kept at 50 °C for 6 months. The effect of storage time 
(2, 4 and 6 months) under different conditions is shown in 
Figs. 1-3. The migration of the phthalates was in the order 
DEHP>DEP>DBP and DEP>DEHP>DBP in HDPE and 
PET bottles, respectively. Therefore, DBP migration was 
the lowest in both kinds of bottles. Based on the results, in 
addition to the duration of exposure and temperature, the 
type of liquids in the container affected phthalate migration. 
Statistical analysis showed a significant difference between 
lemon juice and the other two liquids. The lowest levels of 
phthalates were found in lemon juice.
The presence of phthalates in vinegar samples after pro-
duction can be ascribed to usage of polymeric equipment, 
including tubing and funnels during vinegar production; 
nevertheless, the concentration of phthalates in the vinegar 
samples was increased after 6 months of storage under dif-
ferent conditions, which confirms leaching from the bottle. 
The significant effect of unsuitable storage conditions on the 
increase of the concentrations of DEP, DBP and DEHP in 
the bottled liquids was determined by analysis of the values 
before and after storage. Our results are similar to previous 
studies where the concentrations of phthalates in the lemon 
juice and vinegar samples in PET bottles were found up to 
0.44 µg/L (22). Higher concentrations of phthalates up to 
140 µg/L were detected in lemon juice and vinegar samples 
kept in plastic bottles (23). In previous studies (22,23), se-
lected samples were the commercial ones and purchased 
from public market. Therefore, the initial concentrations of 
phthalates in the samples were not determined before stor-
age. In this type of sampling, the effect of influencing factors 
such as previous poor storage conditions and exposure to 
environmental factors (e.g. sunlight, high temperature, etc.) 
cannot be excluded. Therefore, the reason for the existence 
of phthalates in the liquids cannot be described with cer-
tainty. On the other hand, the experimental design of the 
present study led to the conclusion that leaching from the 
polymeric materials under different storage conditions was 
the main reason for the increase of the phthalate concentra-
tions. 
Analysis of the DEHP concentration results in the dif-
ferently stored samples indicated that the rate of migration 
increased with the increase of temperature, but as men-
tioned above, some reduction of DEP and DBP concentra-
tions can be seen at 50 °C. These results are similar to the 
results of the abiotic degradation tests of the phthalates (19). 
The results of previous studies showed that hydrolysis is one 
of the main factors that control phthalate concentrations in 
acidic and basic solutions. Degradation of phthalates usu-
ally proceeds slowly, but the rate of degradation increases by 
increasing the temperature. Lau et al. (24) reported that the 
rates of DEP and DBP degradation were higher at both lim-
its of pH range, i.e. ≥10 and ≤3. DEP and DBP are usually de-
graded more than 20 % by hydrolysis under acidic and high 
temperature conditions (25). However, in the case of DEHP, 
the effect of hydrolysis is negligible due to spatial crowd-
ing around hydrolysis site. In spite of migration of phthalate 
esters from packaging materials, phthalate concentrations 
were not considerable in the samples. The highest level of 
DEHP was found below the maximum allowable contami-
nant level in drinking water established by the US Environ-
mental Protection Agency, which is 6 µg/L (26).
Conclusions
In the present study, three factors that were suspected 
to affect the concentration of phthalates found in bottled 
liquids including the type of packaging materials, period of 
storage (duration of contact with packaging materials) and 
storage temperature were investigated to evaluate their ef-
fect on the release of phthalates into the package content. 
The results indicated that the concentration of phthalates 
found in bottled liquids depends on all these factors. How-
ever, in the samples, phthalate migrations were not consid-
erable. Therefore, the main conclusions are that PET- and 
HDPE- bottled liquids do not represent a relevant inges-
tion source of phthalate esters for those who consume 
these types of packed liquids and therefore, the concentra-
tions of phthalates observed in them are not a matter of 
concern from the standpoint of adverse health effects.
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